Insect wings in flight typically deform under the combined aerodynamic force and wing inertia; whichever is dominant depends on the mass ratio defined as m ‫ء‬ = s h / ͑ f c͒, where s h is the surface density of the wing, f is the density of the air, and c is the characteristic length of the wing. To study the differences that the wing inertia makes in the aerodynamic performance of the deformable wing, a two-dimensional numerical study is applied to simulate the flow-structure interaction of a flapping wing during hovering flight. The wing section is modeled as an elastic plate, which may experience nonlinear deformations while flapping. The effect of the wing inertia on lift production, drag resistance, and power consumption is studied for a range of wing rigidity. It is found that both inertia-induced deformation and flow-induced deformation can enhance lift of the wing. However, the flow-induced deformation, which corresponds to the low-mass wing, produces less drag and leads to higher aerodynamic power efficiency. In addition, the wing deformation has a significant effect on the unsteady vortices around the wing. The implication of the findings on insect flight is discussed.
I. INTRODUCTION
Aerodynamics of insect flight has drawn considerable attention in recent years due to its promising application in the development of biomimetic microair vehicles. 1 During flight, insect wings typically experience dynamic deformations, 2 i.e., change of the wing shape from its rest configuration regardless the position or orientation of the wing. Even though the deformation magnitude and pattern vary from species to species, physiological studies have shown that insect wings do not possess an internal actuation mechanism and thus the deformation has to be passive. 3 That is, an insect wing is deformed by either the aerodynamic force from the surrounding air, or the inertial acceleration, or a combination of both.
The structural deformation during flapping may significantly change the flow behavior around the wing and consequently have an important effect on its aerodynamic performance. A few studies have been devoted to the understanding of the effect of the wing flexibility. Using a two-link model representing a chordwise wing section, Vanella et al. 4 performed a two-dimensional numerical simulation of the flow-structure interaction in hovering flight. They found that the structural flexibility can enhance the aerodynamic performance of the wing by increasing the liftto-drag and lift-to-power ratios and that the best performance is obtained when the flapping frequency is a fraction of the natural frequency of the wing structure. In a separate study using also the linkage model, Eldredge et al. 5 investigated the effect of the wing flexibility in a range of kinematic parameters describing the combined pitching and heaving motion of the wing. They found that a mildly flexible wing has consistently good performance over a wide range of phase differences between pitching and heaving, which is in contrast with the relative sensitivity of a rigid wing to this parameter. Full three-dimensional numerical simulations of the desert locust, Schistocerca gregaria, were recently performed by reconstructing the detailed wing kinematics, including the time-varying camber and spanwise twist of the wing surface, from the high-speed digital video of the real insect flight. 6 By comparing the performance of the wing model based on the fully reconstructed kinematics and that of the corresponding wing models without the camber or twist, Young et al. 6 found that the wing deformation leads to substantial power economy in lift production. Meanwhile, they noticed that the leading edge vortex remains attached to the wing during the entire flapping cycle in the fullkinematics model, which may have contributed to the aerodynamic power efficiency of the wing. The aerodynamic advantage of the passive wing flexibility was also reported for the biomimetic wings that are designed to produce characteristic deformation patterns of insects or birds. 7 In insect flight, both the inertial force and the fluid force can be the primary causes of the wing deformation. Combes and Daniel 8 compared vibrations of the excised hawkmoth, Manduca sexta, wing in normal air and in helium ͑approxi-mately 15% of the air density͒ and noticed that the difference in the wing deformation pattern between the two cases is very small. Their result suggests that the Manduca wing deformation is mainly due to the wing inertia. In another study, Chen et al. 9 performed a vibration test of the dragonfly wing and found that the lowest frequency among the natural vibration modes is on order of 170 Hz, which is much higher than the flapping frequency of the insect. Therefore, they concluded that the inertial force is small compared to the elastic force for the dragonfly and the wing deformation is mainly due to the aerodynamic force.
From an aerodynamic point of view, whether the wing deformation is caused by the wing inertia or the fluid force will not only affect the deformation pattern but also change the phase of the passive wing deflection with respect to the wing actuation during a flapping cycle. It is therefore worthwhile to investigate the aerodynamic consequences of this issue. Since both situations exist in insect flight, as seen in the hawkmoth and dragonfly, an investigation of this issue may provide some biomechanical insight into the morphological differences between these insect wings. To address the problem, we have performed a two-dimensional numerical simulation of the flow-structure interaction in hovering flight and have systematically studied the effect of the mass ratio of the wing, defined as m ‫ء‬ = s h / ͑ f c͒, where s h is the surface density of the wing, f is the density of the air, and c is the characteristic length of the wing. The deformable wing section is represented by an elastic plate, which may undergo large displacements. Therefore, the wing model in the present study has infinite degrees of freedom and can have a smooth camber, as opposed to the previous linkage models. 4, 5 Note that experimental measurements of the aerodynamic force in insect flight are typically carried out in water or oil in order to scale up the size of the wing model while keeping the Reynolds number in its physiological regime. [10] [11] [12] In those cases, the hydrodynamic pressure is much higher than the inertial force of the wing. Therefore, the effect of the wing inertia could not be addressed in those studies. We also point out that the effect of the wing inertia was a topic in a few previous theoretical studies. 13, 14 However, these works mainly focused on the thrust generation, not lift production, of the flexible wings. Furthermore, in Zhu, 13 a potential flow was assumed and the viscous effects including flow separation were omitted; in Michelin and Smith, 14 point vortices were introduced into their inviscid flow model to account for the vortex shedding, but the stroke distance of the wing was very small compared to the chord length and there was no flow separation at the leading edge.
II. METHODS

A. Problem description and numerical approach
We consider a two-dimensional hovering wing section with the chord length c, as shown in Fig. 1 . The wing undergoes a combined translational and rotational motion specified at the leading edge, 15 ,16
where x 0 ͑t͒ is the horizontal position of the leading edge, ␣͑t͒ is the angle between the leading edge and the horizontal axis ͑measured in the counterclockwise direction͒, A 0 is the stroke distance of the leading edge, ␣ 0 is the initial orientation, ␤ is the angle amplitude, f is the flapping frequency, and is the phase difference between the rotation and translation. In the present work, we choose ␣ 0 =− / 2 and =0, which corresponds to the symmetrical rotation. 15 The wing is assumed to be elastic and nearly inextensible, and its dynamics is governed by the nonlinear equation
where s and h are density and thickness of the wing, respectively, t is the unit tangent vector pointing in the direction of increasing arc length, l, from the leading edge, n is the unit normal vector, and f is the difference between the distributed loads on the two sides of the wing. The in-plane tension, , is assumed to be proportional to the tangential strain so that
where E is the stretching coefficient of the plate and l 0 is the arc length in the unstretched state. The transverse stress, q, is linearly related to the bending moment, M, by
where E B is the bending modulus and is the curvature.
17
The boundary conditions at l = 0 include the specified position and orientation, i.e.,
At the trailing edge, l = c, both the bending moment and the transverse stress vanish, which requires = 0 and ‫ץ‬ / ‫ץ‬l =0. Therefore, we have
The flow is governed by the viscous incompressible NavierStokes equation and the continuity equation,
where v i is the velocity, f and f are the fluid density and viscosity, and p is the pressure. No-slip and no-penetration conditions are specified at the flow-solid boundary. To parametrize the system, we define the nondimensional groups including the normalized wing stroke, Reynolds number, mass ratio, and frequency ratio, which are given by
respectively, where f =2f is the flapping frequency and n = ͑k n 2 / c 2 ͒ ͱ E B / s h with k n = 1.8751 is the frequency of the first natural vibration mode of the wing. 18 Physically, m ‫ء‬ represents the ratio between the inertial force of the wing and the aerodynamic pressure, and ‫ء‬ represents the wing rigidity.
The equations governing the system, Eqs. ͑3͒ and ͑8͒, are solved numerically in an implicitly coupled manner using an in-house solver. Specifically, the incompressible flow is solved using a sharp-interface immersed-boundary method 19, 20 with a special treatment to suppress the pressure oscillations associated with the moving boundaries. 21 In this method, a single-block Cartesian grid is used to discretize the Navier-Stokes equation on a rectangular domain, and the ghost nodes and hybrid nodes are defined near the fluid-solid interface to facilitate the boundary treatment at the interface. The infinitely thin membranous wing is augmented with an artificial thickness that is about three times of spacing of the Cartesian grid and is automatically reduced as the grid is refined. The wing section is discretized by a set of Lagrangian points initially distributed uniformly along the wing. A standard central finite difference scheme is used to discretize Eqs. ͑3͒-͑7͒, and Eq. ͑3͒ is solved iteratively as an inner loop embedded within the implicit algorithm for the flowstructure interaction. The flow-structure interaction is solved at each time step by iterating the flow and the structural dynamics until convergence is reached.
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B. Simulation setups
In the present simulations, we choose the stroke distance A 0 / c = 2.5, Reynolds number Re= 150, and rotational angle ␤ =0 or ␤ = / 8. The parameters describing the wing kinematics are selected based on previous work on insect flight. 4, 15, 16 Three mass ratios are considered, m ‫ء‬ =1, 5, and 25, which represent a light, a medium, and a heavy wing, respectively. For each of these mass ratios, the frequency ratio ‫ء‬ is chosen to vary among 1/1.25, 1/1.5, 1/2, 1/2.5, The computational domain has a size of 20c ϫ 35c. We have done extensive tests to make sure that the domain is large enough to achieve satisfactory accuracy of the results. The entire domain consists of a nonuniform Cartesian grid of 320ϫ 448 points. The grid contains a horizontal band and a vertical band of width 3c in which the grid points are uniformly and densely distributed such that the grid spacings ⌬x = ⌬y = 0.02c. A total number of 100 nodes are used to discretize the wing and its governing equation. The time step size is ⌬t = 0.0025T, where T =1/ f is the period of a flapping cycle. The flow solver and the structure solver have been validated separately as shown in Appendixes A and B. In addition, grid refinement has been performed to make sure that the simulation results are grid-independent. 
͑a͒ Lift, ͑b͒ drag, ͑c͒ lift-to-drag, ͑d͒ net power, ͑e͒ modified power, and ͑f͒ lift-to-modified-power coefficients of the flexible wing without active rotation and m ‫ء‬ =1 ͑solid line͒, 5 ͑dashed line͒, and 25 ͑dash-dotted line͒.
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III. RESULTS AND DISCUSSION
A. Flexible wings without rotation
We first consider the flexible wing driven by the pure translation, i.e., ␤ = 0, at the leading edge where the wing is clamped. Therefore, the wing has to rely on its deflection to generate a nonzero lift. Figure 2͑a͒ shows the lift coefficient,
2 c͒, averaged from 15 flapping cycles, where F L is the total lift and U = A 0 f is the maximum translational velocity of the leading edge. The result is shown for the mass ratio m ‫ء‬ = 1, 5, and 25 and frequency ratio ‫ء‬ from 0 to 0.8. Two interesting phenomena can be observed from this figure. First, for each mass ratio, there is a particular frequency ratio at which the lift force peaks. The peak lift coefficients for the three mass ratios are very close to each other, and all are around 0.9. Second, this particular frequency ratio depends on the mass ratio of the wing. For m ‫ء‬ = 25, C L peaks at ‫ء‬ = 0.8. For m ‫ء‬ = 5 and 1, the peaks of C L are shifted to the left and take place at ‫ء‬ = 0.5 and 0.4, respectively. That is, as the mass ratio is reduced, the frequency ratio for the peak lift also decreases. Physically, this result means that for the heavy wing ͑large m ‫ء‬ ͒, flapping near the resonant frequency produces higher lift, and for the light wing ͑small m ‫ء‬ ͒, flapping at a frequency much lower than the resonant frequency would produce higher lift. To understand this result, we point out that when the mass ratio is large, the fluid force becomes insignificant compared to the wing's inertial force, and the flapping actuation has to be close to the natural vibration mode in order to produce significant wing deformations for lift production. On the other hand, when the mass ratio is low, the wing is deformed by the fluid force, and a lower flapping frequency would suffice for the necessary deformation. If the flapping frequency is too high in the case of low m ‫ء‬ , the wing deformation may become exceedingly large, and the lift would drop, as shown in Fig. 2͑a͒ for large ‫ء‬ . Figure 2͑b͒ shows the drag coefficient defined as C D =2F D / ͑ f U 2 c͒, averaged over the 15 flapping cycles. Here, F D is the total horizontal fluid force on the wing defined to be positive when it is against the translational motion of the leading edge. This force can be temporarily negative in a cycle due to the wing deformation, as seen later. For m ‫ء‬ = 25 and 5, the average C D changes approximately within 20% as ‫ء‬ is varied. For m ‫ء‬ = 1, the average C D decreases drastically from 2.76 to 0.69 as ‫ء‬ is increased from 0 to 0.8, and the drag is generally much lower than the other two wings with the same rigidity. Such a drag reduction is because the light wing is deflected by the fluid force and its shape is adapted to the drag by reducing the frontal area. When ‫ء‬ is large and the wing is more flexible, this selfadaptation effect becomes more pronounced. On the other hand, when ‫ء‬ goes to zero, that is, the wing behaves essentially as a rigid plate, the lift coefficient vanishes and the drag coefficient approaches to the same constant for all the mass ratios as expected. Note that in the cases of m ‫ء‬ = 25 and 5, the average drag of a flexible wing ͑ ‫ء‬ Ͼ 0͒ can be higher than that of a corresponding rigid wing ͑ ‫ء‬ =0͒, which indicates that the inertia-dominated deformation may substantially augment the drag force.
The dependence of the lift-to-drag ratio on m ‫ء‬ and ‫ء‬ is shown in Fig. 2͑c͒ . It can be seen that the low-mass wings clearly outperform the high-mass wings when the wing rigidity is the same. For m ‫ء‬ = 25, the lift-to-drag ratio increases nearly monotonically as ‫ء‬ is raised and the wing becomes more flexible; for m ‫ء‬ = 5, this ratio increases first and then reaches a plateau of 0.31, and for m ‫ء‬ = 1, the lift-to-drag ratio first increases, then reaches a peak of 0.56 around ‫ء‬ = 0.6, and finally drops as ‫ء‬ is further raised. To analyze the power consumption, we first define the net power P͑t͒ as
where F x and M z are the total force and total torque, respectively, applied at the leading edge to actuate the wing. Note that the second term is zero when the wing has no active rotation. Next, we adopt a conservative assumption that the negative power in the either one of the two terms in Eq. ͑10͒ is not reusable. Therefore, we define an alternative power measurement, P , which represents only the positive contributions from the two terms in Eq. ͑10͒. The averaged net and modified power coefficients, C P and C P , defined as the power normalized by ͑1 / 2͒ f U 3 c, are plotted in Figs. 2͑d͒ and 2͑e͒, respectively. For all three mass ratios, the two power measurements overall exhibit a similar trend. For m ‫ء‬ = 25 and 5, the net power coefficient increases up to 4.2 and 3.0, respectively, as ‫ء‬ is raised, which indicates a significant energy loss due to the large wing deformation. The instantaneous power consumption, as plotted in Fig. 3͑d͒ for ‫ء‬ = 0.5, shows that at these two mass ratios, the net power fluctuates at a large amplitude in a flapping cycle because the energy changes its form between the kinetic energy of the wing and the elastic potential stored in the wing. Therefore, Fig. 2͑e͒ , where the m ‫ء‬ =25 wing requires a much higher modified power than the other two wings. Especially when the wing rigidity is low, the modified power coefficient reaches an amount of 12 for m ‫ء‬ = 25. On the other hand, for m ‫ء‬ = 1, the modified power coefficient is close to the net power coefficient, and both in general decrease as the wing becomes more flexible. As seen in Fig. 3͑d͒ for ‫ء‬ = 0.5, the instantaneous power coefficient at this mass ratio is almost always positive, and its magnitude is much smaller than that for m ‫ء‬ = 5 and 25. Figures 2͑d͒  and 2͑e͒ show that the average power consumption for m ‫ء‬ = 1 is lowest among the three mass ratios. This result is understandable since the wing with m ‫ء‬ = 1 experiences a smaller drag resistance compared to the other two wings. The power economy of the low-mass wing is further seen in Fig.  2͑f͒ , where the ratio between the average lift coefficient and the average modified power coefficient is shown. For the same amount of power input, the wing with m ‫ء‬ = 1 may produce more than twice amount of lift than the other two wings. The peak performance for m ‫ء‬ = 1 is around 0.58, which takes place at ‫ء‬ = 0.5. We select a specific frequency ratio, ‫ء‬ = 0.5, to analyze the details of the force characteristics and flow field. From  Fig. 2 , the wing flexibility at this frequency ratio has nearly the best lift-to-modified-power performance for all three mass ratios. Figure 3͑a͒ shows the x-component of the displacement of the wing tail with respect to its undeformed configuration for m ‫ء‬ = 25, 5, and 1. At this frequency ratio, the maximum displacement is more than 50% of the chord length in all three cases, while the wing with m ‫ء‬ = 1 has largest amplitude. The positions of the positive and negative peaks in the displacement indicate that there is a significant phase difference among the three cases. For m ‫ء‬ = 25, the maximum displacement almost always takes place at the stroke reversals, e.g., t / T = 12.0, 12.5, 13.0, and so on. For m ‫ء‬ = 1, there is a phase delay of approximately / 4 in the maximum displacement. In addition, the wing displacement in this case becomes highly asymmetric between the forward and backward strokes, as indicated by the appearance of two peaks in the first half-stroke. This interesting deformation pattern will be discussed later together with the flow field. Figures 3͑b͒ and 3͑c͒ show the corresponding lift and drag coefficients to the wing displacement shown in Fig.  3͑a͒ . It can be seen that the two heavy wings, especially m ‫ء‬ = 25, produce a large amount of negative lift every time after the wing passes the middle point of the stroke, at which the wing has recovered to from its deformation and is overshooting and bending forward. In comparison, the light wing with m ‫ء‬ = 1 has typically a non-negative lift coefficient throughout the multiple flapping cycles. In the drag history, the two heavy wings cause much higher drag than the light wing, and the peak drag takes place when the wing has the maximum translation and is nearly in a vertical position. For m ‫ء‬ = 1, the peak drag happens when the wing has the maximum translational velocity and the least frontal area or when the wing is restoring its shape prior to the stroke reversal, at which point the wing has slowed down its translational movement. In either case, the drag is reduced considerably. The corresponding power coefficients for the three mass ratios are plotted in Fig. 3͑d͒ . Note that since the rotational term in Eq. ͑10͒ vanishes for ␤ =0, C P is exactly equal to the positive portion of C P in this case. Comparing the three mass ratios, we find that the power coefficient has least fluctuations for m ‫ء‬ = 1. In addition, the power peaks have more time delay when m ‫ء‬ is lower. For m ‫ء‬ = 5 and 25, the power reaches its maximum magnitude near the stroke reversals due to the inertial acceleration or deceleration of the wing.
The instantaneous vorticity field in an entire flapping cycle and the corresponding wing configuration are shown in Fig. 4 for m ‫ء‬ =5 and 1 at ‫ء‬ = 0.5. There are several similarities in the vortex behavior between the two cases. For example, a leading edge vortex ͑LEV͒ is generated during each half-stroke and is then recaptured by the wing during its return trip after the stroke reversal ͑e.g., the positive vortex blob at t / T = 13.0 and the negative blob at t / T = 13.5͒. The LEV moves downward along the cambered wing and may merge with the trailing edge vortex ͑TEV͒ 22 of the same sign that is being formed ͑e.g., the positive blob at t / T = 13.1 and the negative blob at t / T = 13.6͒. The merged vortex is strengthened and meanwhile stretched by the trailing edge as shown by the positive vortex band at t / T = 13.3 and also by the negative band at t / T = 13.8. The gradually thinned trailing edge vortex eventually pinches off in the middle ͑e.g., the filament between two positive blobs at t / T = 13.5͒. The portion that attaches to the trailing edge, now termed the endof-stroke vortex ͑ESV͒, 4 has been evolving during the stroke reversal while the wing is restoring its shape and then deforming in the other way ͑e.g., t / T = 13.3 to 13.6͒. After the TEV breaks off from the ESV, it travels downward in the wake, while the ESV later also detaches from the trailing edge but may temporarily move upward before disappearing or merging into the downwash. The wake below the hovering wing is marked by a pair of TEVs with opposite signs that are generated by the two half-strokes in a complete cycle.
The differences in the flow field between m ‫ء‬ = 5 and 1 are also evident. First, the size of the LEV for m ‫ء‬ = 5 is generally larger than that for m ‫ء‬ = 1. Second, the stretched trailing edge vortex for m ‫ء‬ = 5 is aligned more in the horizontal direction, while it is more in the vertical direction for m ‫ء‬ = 1, as shown in the frames from t / T = 13.4-13.7. These flow features are consistent to the higher drag formation for m ‫ء‬ = 5. Furthermore, a substantial portion of the flow in the case of m ‫ء‬ = 5 travels in the horizontal direction or even in an upward direction, while in the case of m ‫ء‬ = 1, the flow mainly travels downward, leading to superior energy efficiency of this wing. For m ‫ء‬ = 1, the unsteady vortices may cause aperiodic vibration of the wing. This phenomenon is illustrated in the frames t / T = 13.2-13.4, where a blob of negative vortex passes underneath the wing, causing the wing to deflect for the second time in the same half-stroke.
The distinct vortices have been indicated in Fig. 4 . To quantify the strength of these vortices, we first visualize the vorticity field using contour lines. After each vortex is manually identified, a closed contour line is generated around this vortex with the specified level, and then the circulation ⌫ is computed along this line. Though the magnitude of the cir-
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Effect of wing inertia on hovering performance Phys. Fluids 22, 111902 ͑2010͒ culation depends on the chosen contour level, the characteristic behavior of the vortex is not affected by this choice. The computed circulations of the LEV, TEV, and ESV are shown in Fig. 5 for the vortices indicated in Fig. 4 . It can be seen that the LEV for m ‫ء‬ = 5 is much stronger than the corresponding vortex for m ‫ء‬ = 1 over a significantly long period of time. The TEV is initially stronger for m ‫ء‬ = 5, but after breaking up, it has a similar strength for both mass ratios. Furthermore, the timing of the LEV and the TEV is similar for the two mass ratios. It should be pointed out that the difference between the LEVs and between TEVs shown in Fig. 5 is fairly consistent for different wing strokes, but the difference between the ESVs is not. The appearance and strength of the ESV vary from stroke to stroke, and they depend on the evolution of the LEV. For example, in Fig. 4 for m ‫ء‬ = 5 from t / T = 13.0 to 13.1, the LEV moves along the wing to the trailing edge and suppressed formation of the ESV. Consequently, the ESV for m ‫ء‬ = 1 is stronger during that stroke reversal ͑this ESV is visible in Fig. 4 but is too weak to show up in Fig. 5͒ .
Generally speaking, the strength and timing of the vortices have important consequences on the force production of flapping wings. In the present case, the three types of vortices have both positive and negative effects on the wing performance. For example, during the translational stage, the LEV and the TEV cause the flow to circulate around the leading edge and the trailing edge, reducing the pressure difference between the two sides of the wing and thus lowering the lift. However, the shed vortices provide lift augmentation through the wake-capturing mechanism. This effect can be seen from Fig. 4 at t / T = 13.6, where the LEV and ESV create a flow directed against the wing and thus the lift is enhanced. The lift enhancement at the moment is seen from Fig. 3͑b͒ , where the m ‫ء‬ = 5 wing has significantly higher lift than the m ‫ء‬ = 1 wing at t / T = 13.6. ‫ء‬ is large and the wing is very flexible, the active rotation reduces the lift instead due to the upward swinging motion of the wing tail. The frequency ratio of the rotational wing at which the lift peaks is lower compared to that of the corresponding nonrotational wing. Therefore, when the wing is actively rotating, less structural flexibility is needed for lift enhancement. Furthermore, like the nonrotational wings, the lift curves of the rotational wings also have a peak value whose amplitude is insensitive to the wing mass ratio but whose corresponding frequency ratio exhibits a left-shift trend when the mass ratio is reduced. The average drag coefficient is shown in Fig. 6͑b͒ . The active rotation reduces the drag for both m ‫ء‬ = 5 and 1 for all the frequency ratios. In addition, the effect of the frequency ratio on the drag coefficient for the rotational wings is similar to that for the corresponding nonrotational wings. That is, for m ‫ء‬ = 5, the drag coefficient only changes slightly when the wing becomes more flexible, while for m ‫ء‬ = 1, the drag coefficient reduces significantly. The lift-to-drag ratio in Fig.  6͑c͒ shows that the combination of the active rotation and passive wing deformation improves the wing performance and the improvement is by 66.7% for m ‫ء‬ = 5 and 38.7% for m ‫ء‬ = 1. Compared to the wings without rotation, the optimal frequency ratio for the lift-to-drag ratio is shifted to a lower value for the wings with active rotation. For both m ‫ء‬ = 5 and 1, this value is around ‫ء‬ = 0.4. As a reference, we provide the lift coefficient, the drag coefficient, and the lift-to-drag ratio of a rigid wing performing the same translation at the leading edge but rotates with an amplitude of ␤ = / 4. The Reynolds number is also Re= 150 for this rigid wing. The results are shown in Figs. 6͑a͒-6͑c͒ as the dotted lines. Comparing this rigid wing with the flexible wings that has less active rotation, we notice that the flexible wings may generate higher lift when they have a proper rigidity, but the reference wing has considerable lower drag. In terms of the lift-to-drag ratio, only the light wing with m ‫ء‬ = 1 can outperform the reference wing by a small amount ͑around 6%͒. This result suggests that there may be an optimal combination of the active wing rotation and the passive wing deformation.
The active rotation has a similar effect on the power efficiency of the flexible wings. Figures 6͑d͒-6͑f͒ show the net power coefficient, the modified power coefficient, and the lift-to-modified-power coefficient, respectively. Overall, introducing active rotation reduces the power requirement and significantly improves the power efficiency. The frequency ratio for the optimal power performance is downshifted to 0.35 for the wings with active rotation, regardless of the mass ratio. Finally, we point out that in both the liftto-drag and lift-to-modified-power measurements, the wing with m ‫ء‬ = 1 significantly outperforms the wing with m ‫ء‬ =5 by 34% for C L / C D and 71% for C L / C P . Figure 7 shows the x-displacement, lift, drag, and power histories of the rotational wing at ‫ء‬ = 0.4. There is again a phase delay in the displacement of the wing with m ‫ء‬ = 1 compared to that for m ‫ء‬ = 5. Although the light wing does not have an obvious double-peak displacement within a single 
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half-stroke as shown earlier for the corresponding nonrotational wing, the deformation has nearly a plateau after the wing passes the midstroke point. The peak lift for m ‫ء‬ =1 takes place at the midstroke point where the wing has the maximum translation. For m ‫ء‬ = 5, the peak lift point during second half-stroke also takes place at the midstroke point, but it is brought earlier during the first half-stroke. The drag histories are in phase with each other for the two wings, but the m ‫ء‬ = 5 wing clearly produces a higher peak drag when the wing passes the midstroke point. The histories of the net and modified power coefficients, plotted in Figs. 7͑d͒ and 7͑e͒ , show that the power input has large fluctuations for m ‫ء‬ =5, especially before and after the stroke reversals when the wing experiences the maximum inertial deceleration or acceleration. On the other hand, the power input for m ‫ء‬ =1 is nearly always positive and has a much lower amplitude of fluctuation.
The flow field is shown in Fig. 8 for m ‫ء‬ =5 and 1 at ‫ء‬ = 0.4. Comparing this figure with Fig. 4 , it can be seen that the LEV now becomes more attached to the rear side of the wing due to the active rotation and an on-average reduced angle of attack at the leading edge. Compared the flow fields between m ‫ء‬ = 5 and 1, we see again that the LEV of the light wing is smaller in size than that of the heavy wing. In addition, the vortices have less upward movement in the case of m ‫ء‬ = 1, and the vortex pairs in the wake are more evenly spaced compared to m ‫ء‬ = 5. Using the same approach described earlier, we compute the instantaneous circulations for the LEV, TEV, and ESV identified from the vorticity contours shown in Fig. 8 , and the result is plotted in Fig. 9 . Like the nonrotational wing, the LEV and the TEV are again consistently much stronger for m ‫ء‬ = 5 than for m ‫ء‬ = 1, while the difference between the ESVs of the two wings may vary for each stroke reversal. Among these three vortices, the LEV and the ESV have a significant contribution to the lift during the wake capture. Therefore, immediately after the right stroke reversals ͑e.g., t / T = 13.1͒, the wing with m ‫ء‬ = 5 has both stronger LEV and ESV and thus a much higher lift coefficient than the wing with m ‫ء‬ = 1, while immediately after the left stroke reversals, the wing with m ‫ء‬ = 5 has a stronger LEV but a weaker ESV ͑e.g., t / T = 13.6͒; thus the wing has only a moderately higher lift coefficient than the wing with m ‫ء‬ = 1, as shown in Fig. 7 .
C. Discussion
According to the insect data in Ref. 8 , a hawkmoth Manduca wing has a chord length of the order of 10 mm and an approximate thickness of h =45 m. Using the wing density s = 1200 kg/ m 3 and the air density f = 1.2 kg/ m 3 , we obtain the mass ratio m ‫ء‬ = s h / ͑ f c͒ = 4.5. Chen et al. 9 measured the natural frequency of the dragonfly wing ͑Orth-etrum pruinosum and Orthetrum sabina͒. In their study, the wing has a dimension of 38 mmϫ 8 mm, and the wing mass is 2.5 mg. Based on these data, the mass per unit wing area is around s h = 8.2 mg/ mm 2 , and the mass ratio is m ‫ء‬ = 0.85. Therefore, the hawkmoth and dragonfly wings correspond roughly to the m ‫ء‬ = 5 and 1 cases, respectively, in the present simulations, and the wing inertia seems to play different roles in the structural deformation of these two insects. Chen et al. 9 found that the flapping frequency of the dragonfly is only about 16% of the natural frequency of the wing.
Their finding is thus consistent to our result that for the lowmass wing to have best performance, the flapping frequency should be much lower than the resonant frequency. Our simulation further suggests that the dragonfly could have taken advantage of the low-mass ratio of its wings for efficient lift production. We should point out that a direct comparison of the aerodynamic performance between the dragonfly wing and the hawkmoth wing is not possible through the present work since the three-dimensional effect, which is an important factor in insect flight, is not considered here.
Finally, we should note that the mass ratio of an insect wing cannot be reduced arbitrarily, even though a low mass ratio may improve the wing performance aerodynamically. This is because the wing needs to maintain at least a minimal thickness to achieve the necessary rigidity and its physiological functions. In some insect wings, certain structural features may help reduce the wing mass while retaining the necessary stiffness, e.g., corrugations of the dragonfly wing.
23
IV. CONCLUSION
In this paper, the fluid-structure interaction of a twodimensional hovering wing is numerically simulated in order to investigate the effect of the wing inertia on the wing deformation and on the aerodynamic performance. The wing is parametrized by a nondimensional mass ratio and a frequency ratio representing the wing flexibility. The mass ratio is taken from the physiological data of insects. The simulation shows that when the amount of deformation is about the same, the low-mass wing has consistently better performance than the high-mass wing in term of the lift-to-drag ratio and power efficiency. Therefore, the present result suggests that the fluid force dominated wing flexibility has aerodynamic advantages over the inertial force dominated flexibility. Future work will focus on the three-dimensional effect of the wing flexibility.
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APPENDIX A: VALIDATION OF FLOW SOLVER
The simulation of the unsteady flow around a thin and rigid wing is compared with previous result in Ref. 16 . In this test, the wing rotates around its center, whose stroke distance is denoted by A 0 . The parameters are otherwise de- 
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Effect of wing inertia on hovering performance Phys. Fluids 22, 111902 ͑2010͒ fined in the same way as in Sec. II. To match the simulation setup, A 0 / c = 2.8 and ␤ = / 4 are chosen for the wing kinematics, and the Reynolds number is Re= 75. The flow is initially quiescent. The lift and drag coefficients for first a few cycles are shown in Fig. 10 . It can be seen that the present simulation has very good agreement with that in Ref.
16 where a vortex particle method was used.
APPENDIX B: VALIDATION OF THE STRUCTURAL SOLVER
The structural solver is validated by comparing the numerical simulation of the small-amplitude vibration in vacuum with the eigenmodes of the wing structure. To do this, a sinusoidal translation is specified at the leading edge and the amplitude of translation is much smaller than c. The structural dynamics is simulated in the absence of the fluid so that there is no damping mechanism. The frequency of the actuation is chosen to be either the first or second eigenfrequency of the corresponding cantilever beam. 18 Figure 11 shows the simulated vibration modes together with the analytical eigenfunctions. For the first mode, 20 nodes on the wing are sufficient to capture the deformation pattern accurately. For the second mode, a 100-node mesh leads to a satisfactory solution. In the flow-structure simulations presented here, 100 nodes are used in all cases. 
